is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. Accurate calibration of the medio-lateral axis of the femur is crucial for clinical decision making based on gait analysis. This study proposes a protocol utilizing biplanar radiographs to provide a reference medio-lateral axis based on the anatomy of the femur. The biplanar radiographs allowed 3D modelling of the bones of the lower limbs and the markers used for motion capture, in the standing posture. A comprehensive analysis was performed and results from biplanar radiographs were reliable for 3D marker localization (AE0.35 mm) and for 3D localization of the anatomical landmarks (AE1 mm), leading to a precision of 1 for the orientation of the condylar axis of the femur and a 95% confidence interval of AE3 after registration with motion capture data. The anatomical condylar axis was compared to a conventional, marker-based, axis and three functional calibration techniques (axis transformation, geometric axis fit and DynaKAD). Results for the conventional method show an average difference with the condylar axis of 15 (SD: 6 ). Results indicate DynaKAD functional axis was the closest to the anatomical condylar axis, mean: 1 (SD: 5 ) when applied to passive knee flexion movement. However, the range of the results exceeded 15 for all methods.
On the use of knee functional calibration to determine the medio-lateral axis of the femur in gait analysis: Comparison with EOS biplanar radiographs as reference Christophe Sauret, PhD a, *, Hélène Pillet, PhD a , Wafa Skalli, PhD a , Morgan Sangeux, PhD
Introduction
Gait analysis quantifies kinematics and kinetics of the lower limbs during walking to inform surgical decision making [1] . For example, it is crucial to interpret hip rotation kinematics in relation to the anatomy of the femur (e.g. femoral neck anteversion) prior to deciding upon femur derotation osteotomy [2] . However, hip rotation kinematics is among the least repeatable output of gait analysis [3] . Hip rotation is calculated as the angle between the medio-lateral axes of the femur and the pelvis in the transverse plane of the femur [4] . The medio-lateral axis of the femur is considered the culprit for the lack of reliability of hip rotation kinematics [5] .
Conventional gait models determine the medio-lateral axis from markers placed over the lateral and medial epicondyles, or from the position of a knee alignment device [6] . These models are affected by marker placement errors and authors have proposed alternative functional methods [7] . Functional methods use the movement of the knee joint to determine an optimal flexionextension axis (FLEXaxis) embedded in the femur coordinate system [7, 8] . In gait analysis, the cross-product of this axis with the longitudinal axis (defined from knee to hip joint centres) determines the anterior-posterior axis. Then, the cross product of the anterior-posterior axis and the longitudinal axis determines the medio-lateral axis. Therefore, both FLEXaxis and medio-lateral axes are in the frontal plane of the femur but only the medio-lateral axis is constrained to be perpendicular to the longitudinal axis. These functional methods were validated in silico [7] and sometimes by means of mechanical devices [9, 10] . The validation in vivo has focused on intra and inter examiner reliability [5, 11, 12] .
New 3D modelling from low dose biplanar radiographs [13] allows the simultaneous acquisition of the position of bone-embedded joint centres and axes as well as markers used for motion analysis in vivo, with the subjects in a neutral standing posture [14, 15] . The aims of this study were (1) to propose and evaluate a benchmark to locate the medio-lateral axis of the femur based on biplanar radiographs (BPR) and (2) to compare a range of conventional and functional methods based on skin-mounted markers against the BPR medio-lateral axis.
Materials and method
Following approval by the relevant ethics committee, 13 healthy volunteers (8 males and 5 females) participated to this study. On average, the subjects were 33 years (SD: 14, range: 22- ). The protocol for the study has been described previously [14] . The subjects were equipped with 14 mm skin markers (Fig. 1a) tracked at 100 Hz with 8 T10 Vicon cameras (Vicon, Oxford Metrics, UK). Standing static calibration acquisition was performed, followed by knee functional calibration and walking trials. Low-dose biplanar radiographs (EOS 1 system, EOS imaging, France) were acquired immediately after, without removing the markers.
Proposal and evaluation of a benchmark to locate the mediolateral axis of the femur
Three-dimensional shape models of the femurs were deformed and fitted to the frontal and sagittal radiographs [16] (Fig. 1b) . We defined the centre of the femoral head (FH) and the centres of the medial (MPC) and lateral (LPC) posterior aspect of the condyles (Fig. 1c) by least square fitting spheres to the node of the mesh in the corresponding anatomical regions. The knee joint centre (KJC) was defined as the mid-point between MPC and LPC. The mediolateral axis was defined by the transcondylar axis (TCA), the axis passing through MPC and LPC (Fig. 1c) [17] . The skin markers positions in EOS were obtained from 14 mm spheres positioned by matching their contours with that of the markers in the radiographs (Fig. 1b) .
The joint centres and TCA axis was assessed on the right femurs of six subjects three times by two skilled examiners. The reproducibly variance (S Ri 2 , [18] ) which include intra-and between-assessors repeatability variances was calculated as follows:
where S ri 2 is the mean of the assessor variances, and S Li 2 is the variance of the mean results obtained by each assessor, for a particular i th subject. The global reproducibility estimate (S R ) was calculated as:
where n is the number of subjects. Reliability of the marker positions from BPR was assessed based on the entire marker sets for four subjects, assessed three times by four examiners. We calculated the rigid transformation between the thigh marker sets determined from BPR and motion capture systems through least square fit [19] . Reliability was calculated as the root mean square distance (RMSD) between the two marker sets after registration.
The combined uncertainty was quantified from 100 000 MonteCarlo simulations per subject. Random isotropic Gaussian noise was added to the BPR and motion capture data. Noise magnitude was defined from the estimates obtained above for BPR data and by a standard deviation of 1 mm for the motion capture data [20] . This procedure was performed for all subjects and the overall reliability was calculated using Eq. (2) with S Ri corresponding to the standard deviation of the simulations for the i th subject, and n = 13.
Evaluation of conventional and functional methods to define the medio-lateral axis
The conventional gait method used two markers located over the medial and lateral epicondyles of the knee. The epicondyles were palpated and the markers positioned by an orthopedic surgeon. We implemented three functional methods to determine the knee axis: the axis transformation technique (ATT, [7] ), the geometrical technique [21] and DynaKAD, which finds the axis that minimises the variance in the frontal plane kinematics at the knee [8] . The functional methods were applied to two movements: five Fig. 1 . A) Front view of the subject equipped with reflective markers. White markers are those used in this study to perform the registration whereas grey markers were not present during the biplanar radiographs acquisition or not used here. B) Lateral and coronal radiographs for the right limb with superimposed bony reconstructions and registered markers. C) Subject-specific reconstruction of the right femur with spheres fitted on posterior aspects of the condyles and transcondylar axis.
knee flexion-extensions (open kinematic chain) and three walking strides. Trials were captured with subjects walking continuously at 5 km/h on a treadmill for approximately one minute. Foot contact and foot off events were selected visually for one stride and autocorrelated in Nexus (Vicon, Oxford Metrics Group, UK). Three strides in the middle of the trial were processed for the functional calibration. The five knee flexion-extensions were performed assisted or unassisted to simulate the effect of lack of selective motor control in pathological populations [15] . For each frame, the transformation matrix between the static and dynamic poses of the thigh and shank marker sets were obtained from least square fit [19] .
The location of the anatomical transepicondylar axis (BPRbased TEA) was also determined, as the 3D shape model of the femur contained regions that correspond to the medial and lateral epicondyles of the femur.
The reference anatomical coordinate system of the femur was constructed from the BPR-based data registered in the motion capture environment (FH, KJC and TCA, Fig. 1 ). The primary axis (Z, inferior-superior, perpendicular to the transverse plane of the femur) was specified by the vector from KJC to FH. The X-axis (posterior-anterior, perpendicular to the frontal plane of the femur) was calculated from the cross product between the primary axis and TCA as the secondary axis. The Y-axis (perpendicular to the sagittal plane of the femur) was defined as the cross product between Z-and X-axes. Similar femur coordinate systems were constructed using the same primary axis but different secondary axes, from functional calibrations or marker-based instead of TCA.
The angular difference between the Y-axes of the different femur coordinate systems was calculated to compare the different medio-lateral axes. Repeated measure ANOVA and post-hoc Tukey's pairwise comparisons were performed to rank and group the methods according to the angular difference with BPR-based TCA.
Hip and knee kinematics were calculated during walking to investigate the impact on kinematics. The pelvis coordinate system was defined using 4 markers taped over the left, and right, anterior, and posterior, superior iliac spines (L/R A/P SI). The origin was defined from the mid-point between LASI and RASI, and the medio-lateral axis (primary, Y-) from RASI to LASI. The superiorinferior axis (Z-, pointing up) was perpendicular to the transverse plane containing LASI, RASI and the mid-point between LPSI and RPSI. The anterior-posterior axis (X-, pointing forward) resulting from the cross-product of Y-and Z-. The tibia coordinate system was defined using two additional markers taped over the medial and lateral malleoli (MED and ANK respectively). The longitudinal axis (primary, Z-) was defined from the mid-point between the ANK and MED markers to the KJC. The anterior-posterior axis (X-, pointing forward) was perpendicular to the plane containing KJC, and the ANK and MED markers. The medio-lateral axis (Y-) resulted from the cross-product of Z-and X-. Hip and knee angles were calculated following ISB recommendations [22] adapted to the coordinate systems defined above. All processing was performed in Matlab 1 (The Mathworks, USA) and statistical analysis in Minitab (Minitab Inc., USA).
Results

Reliability of BPR-based data and registration with motion capture system
The reproducibility estimate (S R ) for the BPR-based parameters ranged between 1.0 and 1.4 mm for the location of FH, MPC and LPC (Table 1) for axis orientation. The 95% confidence intervals were therefore AE3 mm for KJC and AE3 for TCA. (1.4 ). All the methods used in gait analysis provided medio-lateral axes more external than TCA. The DynaKAD method provided axes that were closest to TCA with mean angular differences of 9 (5. ). The orientation of the femur medio-lateral axis had a direct effect on the hip rotation kinematics, and some effect on the frontal plane knee kinematics, during gait. Fig. 3 illustrates these effects when the functional calibration methods were applied to the passive FE movement. On average during the gait cycle, hip rotation was about 10 internal for the BPR-based model (black) whereas all other models were more external, except for DynaKAD. The orientation of the femur medio-lateral axis had no effect on the knee kinematics in the sagittal plane since both FH and KJC were defined from the same BPR-based data.
Evaluation of conventional and various functional methods to define the medio-lateral axis of the femur
Discussion
In gait analysis, the medio-lateral axis of the femur contributes to the definition of hip rotation kinematics, a key variable to inform decision making about femur derotational osteotomy. We aimed to propose a reference method to locate the medio-lateral axis of the femur based on bi-planar radiographs (BPR) and to evaluate a range of conventional and functional methods.
We estimated the reliability of BPR-based knee parameters (FH, KJC and TCA), marker localization and the registration between BPR and motion capture systems. Reliability of 3D marker Table 1 Reliability of specific points and knee joint centre following each direction of the femur reference frame and the norm. Reliability is expressed through the reproducibility estimate (S R ). localization from bi-planar radiographs (S R = 0.35 mm) appears satisfactory compared to other sources of error in human movement analysis [20, 23, 24] and confirms previous results [14] . The reliability of BPR-based knee parameters was satisfactory with reproducibility around 1 mm for KJC and 1 for TCA. The registration of the thigh marker clusters between the two static standing poses led to RMSD of 2 mm on average. Monte-Carlo simulations revealed the 95% confidence interval was AE3 mm for KJC location and AE3 for TCA. These results demonstrate the suitability of a biplanar radiographic system such as the EOS system with the associated 3D reconstruction methods to serve as a reference method to locate the medio-lateral axis of the femur.
The BPR-based transcondylar axis (TCA) was compared with a range of conventional and functional calibration methods. The conventional method used markers over the medial and lateral epicondyles of the femur and showed a difference with TCA of about 15 external. Such a difference may not be attributed to the angular difference between the TEA and TCA axes since differences found in the literature ranged between 2.7 and 6.9 [25] [26] [27] . We found a difference between the BPR-based TEA and TCA of 5.7 external, in agreement with the literature. The angular difference between marker-based TEA and TCA is likely to be due to marker misplacement. A limitation of our study is that the person who palpated the epicondyles did not perform marker placement as part of routine clinical practice. However, the intra-observer reliability (6 ) in our study was in agreement with previous findings [28] .
Functional calibration methods use the knee axis as a proxy for the medio-lateral axis of the femur. We tested three algorithms, the geometrical method, the Axis Transformation Technique (ATT) and DynaKAD. The methods were tested on three different movements, 5 repetitions of a passive (assisted) or active (selfperformed) open kinematic chain knee flexion-extension and 3 walking strides. The DynaKAD method provided the closest axis to the BPR-based TCA. The geometrical functional method was close to the BPR-based TCA when used in combination with passive flexion-extension but with more variable results (SD: 7.5 ) than for DynaKAD (SD: 5.1
). The ATT functional method was more external (average mean: 12 , average SD: 5.5 ) than the reference BPRbased TCA. Overall, our results were in agreement with a recent study using 3D freehand ultrasound (rather than BPR) to locate the TCA axis [29] . Fig. 3 . Effect of the femur medio-lateral axis definition on hip and knee kinematics for each functional method associated with the passive knee flexion/extension movement. The variability in kinematics is represented by shaded bands representing the one standard deviation at each time instant. The marker and EOS-based TCA induced kinematics were also represented for visual comparisons. The reference knee kinematics corresponding to the EOS-based TCA is shown in black, kinematics from the marker based method is shown in red, kinematics from the geometrical functional method is shown in orange, kinematics from the ATT/SARA functional method is shown in blue and the kinematics from the DynaKAD functional method is shown in green. The foot contact and foot off events were determined visually (rather than from forceplate data) which led to a gait cycle slightly shifted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The ATT and geometrical functional methods model the knee joint as a single fixed axis hinge joint. However, the knee axis has been shown to move, both in location and in orientation, during knee flexion [30, 31] . The motion of the knee may be better modelled as a two hinges joint: one for flexion-extension and one for internal/external rotation. Such a model of the knee defines flexion-extension as the movement around the medio-lateral axis of the femur and internal/external rotation as the movement around the longitudinal axis of the tibia. It corresponds well with the Cardan angles used for the knee joint: first, flexion-extension around the Y-axis of the femur coordinate system, then, varus/ valgus around the anterior-posterior axis of the intermediate coordinate system and last, internal/external rotation around the longitudinal axis of the tibia [32] . The DynaKAD method finds the orientation of the Y-axis of the femur which minimises the variance in knee varus/valgus. This approach is equivalent to using the two hinges model described above and may explain why the axis provided by DynaKAD was found to be the closest to the BPRbased TCA axis.
A limitation of our study is that it only included subjects without knee or motor control pathologies, and the mean angular differences reported therein may not generalise directly to populations with pathologies of the knee joint. Functional methods may require relatively large range of movement to be accurate. It may be difficult for patients with walking disabilities to perform such movement and the findings of this study, on an ablebodied population, may not translate directly to populations with restriction in their range of movement. It is however possible to assist patients with performing the functional calibration movement [33] and our results show that functional methods performed well with passive flexion-extension movements.
It is important to note that the range of the results exceeded 15
for all conventional and functional methods (Fig. 2) , which indicate that these methods may provide inconsistent results. Hence, EOS biplanar radiographs or an alternative medical image based technology (e.g. 3D freehand ultrasound, [29] ) may still be required when major surgical decision, such as derotational osteotomies, depend on the reliable orientation of the frontal plane of the femur and accurate hip rotation kinematics.
